In this study, Bi and Sr doped PrCo 0.6 Fe 0.4 O 3 perovskites were synthesised by citrate sol-gel auto-combustion method and sintered at 900°C. The X-ray diffraction pattern shows that all compounds have orthorhombic crystal structure with Pbnm space group and a small amount of secondary phase was observed only in the sample with higher Bi content (Pr 0.8 Bi 0.2 Co 0.6 Fe 0.4 O 3 ). The average grain sizes of the samples were below 400 nm and the corresponding elemental composition was confirmed from EDS spectra. The oxidation states of elements and the presence of oxygen vacancies were obtained from XPS spectra. The vacancies were found to be more in the Sr-doped compound. Finally, from the detailed complex impedance analysis, it was found that the grain boundary resistance is dominant at room temperature. The variation of dielectric properties and AC conductivity with frequency reveals that the relaxation process was due to Maxwell-Wagner type of interfacial polarisation.
I. Introduction
The unusual properties of rare earth cobalties (RCoO 3 ) having perovskite structures are largely influenced by the intricate electronic spin states of Co 3+ ion present in it. The changes in spin state of Co 3+ due to the temperature variation affects the structural, magnetic and optical properties of these compounds [1, 2] . These materials show unique properties such as orbital ordering, charge ordering, charge disproportion, colossal magnetoresistance (CMR), phase separation etc. [3] [4] [5] . Due to these fascinating properties they are frequently used as sensors, substrates, catalytic electrodes and are potential candidates in optoelectronic and spintronic applications. These compounds have common features such as high thermoelectric power, superconductivity, ferroelectricity, charge ordering and spin dependent CMR [6] .
The Co ) which can induce spin isotropic effect in the perovskite structure. LaCoO 3 is a non-magnetic insulator in its LS ground state. It shows LS to HS phase transition in the temperature range of 50 K < T < 150 K and a metal-insulator transition at 500 K. Also, LS-LS/HS-IS scenario exists in all RCoO 3 compounds, which is responsible for the drastic changes in structural, electrical and magnetic properties of these compounds [7] . The double or super exchange interaction between Co 3+ and Co 4+ ions are responsible for the existence of ferromagnetism as well as the spin glass transitions in these compounds [8] . Ni 3+ doped LaCoO 3 shows ferromagnetic nature for x > 10% and for x < 0.5 sample exhibits spin glass behaviour. Troyanchuk et al. [8] studied Fe doped systems and reported that for x ≥ 0.4 it has small spontaneous magnetic moment and at T N = 120 K it becomes fully paramagnetic. Fe stabilises the Co ions in the low spin state. The cell parameter of LaCo 1-x ions [11] . It was reported that it shows high-spin Co 3+ states above T ∼ 200 K and a metal-insulator transition at T ∼ 600 K [12] . The magnetic properties of PrCoO 3 were influenced by the hybridisation of 4f states of Pr 3+ with the electronic valence states. Thermal conductivity in fact depends on the phonon scattering mechanism and the crystal field splitting of Pr 3+ 4f levels. The difference in the ionic radii of LS and excited states of Co 3+ ions, with larger and smaller ionic radii causes disorder in the lattice and disturbs the scattering of phonons [13] . Sr, Ba and Ca substituted PrCoO 3 compounds, due to the double exchange mechanism between Co ions, exhibit the phenomenon of ferromagnetism well below T ∼ 280 K [14] . The double exchange mechanism shown by Zener gives an explanation for the process that is involved in magnetic transitions [15] . Doping of alkaline earth metals, increases the hole concentration and creates the nanosized clusters will grow in size and multiply in number. These clusters trigger antiferromagnetic as well as ferromagnetic exchange interactions resulting in spin glass behaviour even below the magnetic ordering temperature. In these compounds electrical conductivity as well as oxygen ion conductivity were enhanced due to the oxidation of Co 3+ to Co 4+ and the formation of oxygen vacancies [16] .
These materials have a lot of other applications as catalysts for effluent gas treatment, CO oxidation, esterification, methane oxidation, gas sensors and in solid oxide fuel cells. It was observed that in PrCo 1-x Mg x O 3 compounds, with doping above x = 0.1 in Co site, Mg increases the formation of Co 4+ ions and enhances the number of oxygen vacancies, so the electrical conductivity increases. But for a certain limit x > 0.2, due to the segregation of Pr 6 O 11 , blocking of oxygen transport occurs resulting in the decrease of electrical conductivity [17] . Tomes et al. [18] studied the transport and magnetic properties of Ni substituted PrCoO 3 . The lattice parameters and hence the unit cell volume increases with Ni content due the larger ionic radii and it stabilises IS in the LS cobalt matrix. For Ni content 0.07 ≤ x ≤ 0.29, it shows insulating behaviour, thermal conductivity decreases with increase in Ni content and spin-glass behaviour in those compounds exists [18] . Asamoto et al. [19] studied the catalytic activity of PrCo 1-x Fe x O 3 for Carbon monoxide oxidation.
In this study, complex impedance spectrum analysis is employed for the characterisation of microstructures and electrical properties of ceramic oxides. The complex impedance Z * , can be expressed as:
where Z ′ and Z
′′
are real and imaginary components of impedance, R and C are resistance and capacitance and ω the angular frequency. The Z ′ versus Z ′′ gives the impedance plot called Nyquist plot which are used for the characterisation of interfacial, grain boundary and bulk grain effects. Impedance spectroscopy has been successfully applied in the investigation of relaxation process and the dielectric behaviour and can be well explained by Maxwell-Wagner model [20, 21] .
This report is unique in such a way that the nanopowders of Bi and Sr substituted PrCo 0.6 Fe 0.4 O 3 perovskites were successfully synthesised by a polymer precursor method, citrate sol-gel auto-combustion method [22] . The electrical conductivity and the impedance measurements were carried out for studying the conduction mechanism and the relaxation process which was not done so far. We have under taken the data of impedance, electric modulus, conductivity and the dielectric constant simultaneously for the study of AC conductivity mechanisms. Bi can change the electric, magnetic and thermoelectric properties with the assumption that it has a lone electron pair arising from the hybridisation of 6s and 6p atomic orbitals with 6s 2 electrons. On the other hand, Sr can create oxygen vacancies which enhance the conductivity [23, 24] . 2 , citric acid and ethylene glycol (all Sigma Aldrich 99.99-99% purity) in concentrated nitric acid and deionised water. The mixed solutions were heated and stirred to form polymer complex. Further heating of solutions leads to decomposition followed by auto-combustion to fine heaps of powders. The final products were calcined at 700°C for 6 h and grounded using agate mortar and pestle. The powders were pelleted as circular disc with 10 mm diameter with a pressure of 2-3 tons and sintered at 900°C for 8 h. The resulting powders and pellets were subjected to different characterization techniques to elucidate its internal structure and physical properties.
II. Experimental procedure
The crystal structure of the prepared samples was confirmed by X-ray diffraction studies (Rigaku Miniflex 600, with scan rate 1°/min and Cu-Kα radiation, λ = 1.5418 Å). The morphology and chemical composition were characterized and analysed by scanning elec-tron microscopy, SEM (Carl Zeiss Ultra 55 FE-SEM) equipped with energy dispersive X-ray spectrometer (EDS). The X-ray photoelectron spectra (XPS) were measured for the bulk samples with MgKα source with excitation energy of 1253.68 eV using Axis Ultra DLD Kratos. The AC impedance measurements and the dielectric properties at room temperature were carried out using TFA 2000 AC impedance analyser in the frequency range from 1 < f < 10 6 Hz.
III. Results and discussion

Structural characterization
The XRD patterns of the sintered P0, P1, P2 and P3 samples were shown in Fig. 1 . Lattice parameters were obtained using PDXL-software and tabulated in Table 1 . The sharp XRD peaks confirm the formation of highly crystalline phases and the crystallite size was calculated using Scherer formula:
where κ depends on the shape of crystallite size (κ = 0.9, for spherical grains), λ is the X-ray wavelength, and β is the full width at half maximum of the most intense peak. has the presence of secondary peak due to the crossing of solubility limit of Bi in the crystal lattice [25] . Goldschmidt formula was used for calculating the tolerance factor [26] . The SEM images and EDS spectra of the prepared samples are shown in Fig. 2 . As it can be seen the average grain size is in range from 200-400 nm and decreases with Bi and Sr doping. At high temperatures Bi acts as grain growth inhibitor and increases sinterability [27] . The energy dispersive X-ray spectroscopy (EDS) analyses confirm the presence of Bi and Sr in the doped samples.
The XPS spectra of P0, P1, P2 and P3 are recorded to determine the valence states of Pr, Bi, Sr, Co and Fe ion. The binding energies values of each element were tabulated in Table 2 . The Pr-3d core level spectra of P0, P1, P2 and P3 are shown in Fig. 3 . It is observed that Pr-3d has the presence of doublet line with 3d3 /2 and 3d5 /2 peaks at 953 eV and 933 eV. The splitting of Pr-3d peaks are due to the coupling of 3d and 4f hole states [28] . The observed binding energy splitting of 4.5 ± 0.2 eV is in good agreement with the data reported by Pandey et al. [29] . The exchange splitting of 3d in Pr is 20 ± 0.2 eV. The peak positions vary only by ±0.2 eV for all samples, independent on Bi and Sr substitution, indicating Pr 3+ as predominant oxidation state in all samples. All other elements were fitted in accordance to our previous results [30] . The oxidation state of Bi, Co and Fe were found to be +3. The presence of satellite peaks in Co and Fe indicates the existence of Co 2+ and Fe 2+ ions in the compounds. The oxidation state of Sr was found to be +2. There is only a slight shift in binding energy values due to the doping with Bi and Sr without changing the oxidation state of other elements. The number of oxygen vacancies was calculated from the ratio of the adsorbed oxygen to the lattice oxygen present in the samples and was found to be more in Sr doped sample P3.
Electrical properties
The variations of Z ′ and Z
′′
with frequency at room temperature are shown in Fig. 4 . The value of Z ′ decreases monotonically with increase in frequency and reached a constant value at high frequency in all samples due to the space charge polarization effects. The ceramics P2 has larger impedance value than other samples due to the presence of secondary phase while the P3 does not have significant impedance at room temperature.
In the variation of Z ′′ with frequency plot, there is a clear evidence of appearance of a peak and typical peak broadening for the samples P0, P1 and P2. The appearance of the peak indicates the existence of relaxation process and the peak formation occurs when the hopping frequency of the localised electrons becomes in the order of frequency of the applied field. The asymmetric peak broadening indicates the spreading of relaxation times. A large effect of polarization is seen in these compounds [31, 32] .
The Nyquist plot is drawn to study the effect of electrode, grain and grain boundary on the impedance (Fig.  5) . Equivalent circuit of R1(R2 · C) configuration is used as a model. Only one semicircle is obtained and the capacitance value is in nanofarads, which indicates the grain boundary resistance dominating over grain resistance at room temperature [33] . Since the ceramics P3 does not have significant impedance at room temperature, the corresponding Nyquist plot was not presented. By fitting the curve using Z-view software, the circuit parameters are obtained and tabulated in Table 3 with an error of ±5%. In the used equivalent circuit, R1 is the contact resistance, which is very small compared to the grain boundary resistance (R2 = R gb ) and C is the capacitance of the grain boundary (C = C gb ). The increase in size of semicircular arcs with doping is at- tributed to the increase in resistance of the corresponding components in the sample. The sample P2 has high grain boundary resistance due to the presence of the secondary phase. The R-C parallel circuit has a relaxation with time constant τ, which can be obtained using the following equations:
The variation of dielectric constant and dielectric loss with frequency is shown in Fig. 6 . The samples exhibit large dielectric permittivity and loss at low frequency and their decrease with increasing frequency, which is the normal dispersion behaviour of semiconducting oxides. The decrease in dielectric constant with frequency can be due to the contribution of the multi-component polarizability, i.e. deformational and relaxation. As frequency increases dipoles are no longer able to rotate and their oscillation begins to lag behind the field, so dielectric constant approaches limiting value. For the sample P1, higher value of tan δ was observed due to the increases in DC conductivity of the material [34] .
The frequency dependent AC conductivity at room temperature is shown in Fig. 7 . It presents a power law behaviour at high frequency region. In such cases Jonscher's empirical formula termed as universal dielectric response (UDR) was used for explaining the AC conduction mechanism. By UDR law, the total electrical conductivity can be written as:
where s is the frequency exponent, σ DC is the DC bulk conductivity and σ 0 is a constant. The UDR behaviour can originate from different source. The one due to the presence of defects and disorder causes electron hopping or tunnelling through energy barriers between localised states. Another originates from extrinsic effects like contacts, grain boundary etc. Here up to the frequency region of 10 Hz to 10 kHz the conductivity stayed constant due to the free charge formation. The conductivity increases linearly with increasing frequency above 10 kHz as in the disordered materials. At high frequency UDR to Super linear power law (SLPL) behaviour was seen, due to the polaron hopping mechanism. The hopping of charge carriers between localised states occurred in disordered system due to the grain boundary effect. The sample P2 has lower conductivity due to the presence of secondary phase and high grain boundary resistance value. The sample P1 has somewhat higher conductivity than the P0, which is complementary to the obtained impedance data, whereas the sample P3 is material with the highest conductivity [35] . For understanding the relaxation process, we have calculated a parameter called electrical modulus, which is reciprocal value of complex relative permittivity. with frequency provides information of the charge transport mechanism, such as electrical transport, conductivity, relaxation etc. Peaks observed in spectra indicate the existence of conductivity relaxation process. According to Maxwell-Wagner model, combined dielectric and electric modulus measurements explain the effect of large grain boundaries on the electrical conduction mechanism. By this theorem, the dielectric medium is made of well conducting grains with poorly conducting or resistive grain boundary responsible for the relaxation process. At low frequency, small conductivity of grain boundary contributed to the high dielectric constant. The relaxation peak of the sample P2 is shifted to the low frequency region due to the presence of the secondary phase and high grain boundary effect. Due to the less resistive walls, the P3 material has high value of conductivity [36] .
IV. Conclusions
The Pr 1-x 
